Abstract-The transportation of bulk materials is of importance in many industrial applications, ranging from minerals, agriculture, pharmaceuticals, chemicals, pigments, plastics, cement, sand, salt and food processing. Screw conveyors are widely used for transportation of particulates at controlled and steady rates. In this paper, we use the Discrete Element Method (DEM) to analyze the performance of a screw conveyor including visualization of the motion of particles, angular and axial velocity of particles, overall torque and total force, kinetic energy and total energy dissipation. The DEM model was established by applying periodic boundary conditions to a single pitch of the screw and the particles are modeled as spheres. DEM simulation shows that the nature of the particle flow in a horizontal screw conveyor is surprisingly complex and is reasonably sensitive to the operating conditions. The dependence of the performance of a screw conveyor on the operating conditions is analyzed..
INTRODUCTION
The transportation of bulk materials is of importance in many industrial applications, ranging from minerals, agriculture, pharmaceuticals, chemicals, pigments, plastics, cement, sand, salt and food processing [1] . Screw conveyors are extensively used (1) in agriculture and industry for transportation of particulates at controlled and steady rates, as bulk handling equipment; (2) as parts of construction and mining machinery, e.g., underground tunneling machines, in which they are used to discharge soil or rock continuously, and (3) for metering (measuring the flow rate) from storage bins and adding small controlled amounts of trace materials (dosing) such as pigments to granular materials or powders.
Screw conveyors are very effective conveying devices for dry particulate solids, giving good control over the throughput with the advantages of compact design, low maintenance, and the ability to transport materials continuously and safely [2] . They are composed of five major components: (1) a rotating screw (helical flight screw), (2) a driving shaft connected to a driving device, (3) a stationary screw casing (tubular, open or covered trough), (4) a hopper or bin, and (5) a discharge outlet. Bulk transport of solids within screw conveyors is based on the Archimedean principle of screw conveying, relying on the friction between materials and the rotating screw or the casing.
Despite their simplicity in structure and principle of conveying materials, the mechanics of the transportation action of screw conveyors is very complex and designers have tended to rely heavily on empirical performance data.
There are many studies on screw conveyors, to study the function of transportation, to examine performance and to develop new types. Most of these studies were experimental in nature [3] [4] [5] , others were analytical models to predict the performance of screw conveyor dealing with either the interaction of one particle, or a single bulk mass and the machines' components arising from static force equilibrium [6] [7] .
The design of screw conveyors requires a detailed consideration of the geometry of the screw and the properties of the bulk material; and the estimate of the performance is based on an empirical equation from the database of practical machines, and depended on a factor determined by a wide range of material characteristics [8] . While experimental data combined with dynamic similarity have provided a basis for practical conveyor design, the design procedure is somewhat limiting in view of the difficulty of examining the influence on performance of variations of screw geometry. It is only in more recent years that a numerical model named Discrete Element Method to predict the performance of screw conveying equipment has started to emerge [9, 10] .
In this study, simulations of a horizontal screw conveyor are conducted. We use the discrete element method (DEM) to analyze the performance of the screw conveyor including visualization of the motion of particles, transport velocity of particles, overall torque and total force, kinetic energy and total energy dissipation under the operating conditions of rotation speed and material content.
II. DESCRIPTION OF DEM MODEL
The screw conveyor used in this study was a single flight horizontal screw conveyor. The DEM simulation model of the horizontal screw conveyor is shown in Fig. 1 . It is consisted of one spiral, two cylinders of different diameters, a hopper and an outlet. The spiral represents the helical flight screw, while the cylinders represent the screw casing and the driving shaft. The main dimensions of these components are listed in Table 1 . The screw conveyor has a pitch-to-diameter ratio of 0.75, and a clearance of about 20mm between the outer edge of screw blade and the internal surface of the casing. Table 2 and Table 3 tabulate material properties of the particles and components of the screw conveyor for the DEM 978-1-4244-7739-5/10/$26.00 ©2010 IEEE simulation. Spherical particles were used with a normal size distribution and the mean particle diameter of 15mm. DEM simulation involves (1) modeling the structures of the components of the screw conveyor for the establishment of DEM boundary, (2) modeling each collision between the particles and between the particles and their environment (e.g. the internal surface of the screw casing and the surface of the rotating screw), (3) calculating the motion of every particle, (4) parametric analysis and (5) results visualization.
The DEM model was simplified by applying periodic boundary conditions, and the particles are modeled as spheres. The boundary geometry is built using a CAD package and imported as a triangular surface mesh into the DEM package. This provides unlimited flexibility in specifying the three dimensional geometries with which the particles interact.
The simulation procedure is as following: a specified number of particles are initially created at random locations within a hopper of the screw conveyor, and then dropped by gravity; after reaching equilibrium, the screw and the driving shaft are both rotated at the specified, constant angular velocity, while the casing remains at rest; particles are transported by the helical flight screw and moved from the inlet to the outlet of the screw conveyor, and discharged from the outlet. Fig. 2 is the front view of calculated results of particles motion, which shows a typical configuration of the nature of the particle flow in the screw conveyor at a moving stage. It is evident that particles are moving forward, while the free surface has some angle from the horizontal surface with respect to the direction of spiral rotation. 2 (d) , it can be seen that as the number of particles increases, the bulk mass occupies the upper area. The movement of particles in Fig. 3 is redrawn from Fig.2 from a viewpoint looking along the axial directional of the screw conveyor. The sequence of images in Fig. 3 shows the change in flow behavior with increasing rotational speed of the screw and the number of particles. We successfully reproduced the surging phenomenon of particles in the screw conveyor in our simulation test with a low speed of the screw and a high particle generating ratio.
A. Visualization of the Motion of Particles

B. Transport Velocities of Particles
The flow behavior inside the screw conveyor can be examined quantitatively by measuring the mass flow rates of the particles as they are transported along the screw conveyor. The mass flow rate was determined by recording the mass of each particle that has passed through a plane perpendicular to the axis of the screw. Fig. 4 (a) and (b) show the time histories of average angular and axial velocities of particles respectively, it can be seen that those transport velocities tend to be steady after start-up. Our simulation tests show that both rotation speed of screw and material content or filling ratio have an influence on the average angular and axial velocities, moreover, the average angular and axial velocities changes with the rotation speed of screw obviously, and the mass flow rate would increase linearly with increasing filling ratio. Fig. 5 (a) shows the time history of the overall torque to rotate the screw and the driving shaft against the friction from particle movement. Large torque and power are needed at startup in order to accelerate stationary particles. Soon after start-up, they reach steady state, although there are slight fluctuations induced by random components in each particle's motion. Fig.  5 (b) is time history of the total force exerted on the boundary by the particles, which has the similar tendency to time with the variation of overall torque to time.
C. Overall Torque and Total Force
D. Energy Dissipation
DEM simulations provide detailed information about the energy dissipated in every collision over the period simulated. Fig. 6 shows the time history of kinetic energy and total energy dissipation in particle-boundary collisions. Large kinetic energy and total energy are needed at start-up in order to accelerate stationary particles, and after start-up, they reach steady state. The discrete element method was used to simulate and analyze the performance of screw conveyors. It can be seen that DEM model is sufficiently well developed and useful to analyze the performance of screw conveyors. DEM simulation shows that the nature of the particle flow in the horizontal screw conveyor is surprisingly complex and is reasonably sensitive to the operating conditions. 
